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LSUMMARY

Thepresentstudyoftheautomaticinterceptionproblemisprimarily
cohcernedwithinvestigationofthepropermeansof coordinatingthelift-
accelerationcomandsandtheroll-attitudeconmw.ndsto theautopilotin
ordertominimizetransienttrackingerrorsencounteredduringbomber
evasion.Thestudywasmadeby utilizinga ReevesElectronicAnalogue
Computerto simulatesimplifiedversionsofinterceptor-bomberencounters.
Thebonibermaneuversusedduringthestudyweredesignedtorequire
v=iousmountsofrollingonthepsrtoftheinterceptorinorderfor
itto continuetracking.Severalmethodsofacceleration-bankcoordina-
tionwerestudied.Withsome,theaccelerationcommandwasappliedimm-
ediately;whereaswithothersjthecremandwasdelayeduntiltheinterceptor
hadrolled.

*
Fortheinterceptorassumed-inthestudy,itwasfoundthatthe

besttrackingwasobtainedwhentheaccelerationcomandswereapplied
immediately.An accelerationcomandproportionaltothenormalcompo-
nentofthesteeringerrorwasfoundmostsuitable.Thesuccessofthis
typeofcoordination,however,wasfoundtobe dependentontheroU_
characteristicsoftheinterceptor.Thistypeof coordinationwas
successfulforan airplanewhichhadrollperformanceoftheme usu-
allyobtainedwitha heavilyloadedsupersonicairplaneflyingathigh
altitude(amsximumrollingaccelerationof4 radianspersecondper
secondanda maximumrollingveloci@of12radianspersecond).This
typeof coordinationwasunsuccessfulforan airplanewhichhadthe
samevalueofmaximumrollingaccelerationbutwhichhada muchlower
valueofmaximumrollingveloci~(2radianspersecond).Whenthe
rollrateperformanceoftheinterceptorwasgoodtheairplanecould
countera diving~neuverofthebomberalmostas effectivelyby rolling
to theinvertedpositionasby perfominga push-downwithoutrolling.
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INTRODUCTION

A largeamountofeffortisbeingplaced

NACARM L54E27

onthedevelopmentofall-
weatherinterceptorsforuseindefenseagainstbomberattacks.These
interceptorswillbe highlyspecializedairplsmescapableof supersonic
speeds.Theattackphaseofthemissionoftheseinterceptorsistobe
automaticallycontrolledfromguidancesignahobtainedfromtheirair-
borneradar-firecontrolsystem.

Theconfigurationoftheinterceptordiffersfrommosthomingmis-
silesinthatinterceptorssremonowings,whereasmostmissileshavea
cruciformwingarrangement.A mostimportantcharacteristicof a mono-
wingarrangementisthataccelerationscanbe developedeffectivelyody
intheplaneof symmetryandperpendicularto theflightpath.Fromcon-
siderationofthesepoints,it isfairlyobviousthattheairplanemust
be rolledinordertoperformturningmsmeuversandthatthequantities
tobe controlledin guidingtheinterceptorarethemagnitudeanddirec-
tionofthelift-accelerationvector.Theterm“liftacceleration”is
usedhereinto denoteinterceptoraccelerationsintheplaneofsymmetry
andperpendiculartotheflightpath.

A numberofstudieshavebeenmadeor areinprogressto establish
functionsofthesteeringerrorwithwhichllftacceleration(orsome
steady-stateequivalent)androllangleshouldbe controlledto insurea
successfulinterceptorattack.(Forexamples,seerefs.1 and2.) One
aspectofthecontrolproblemwhichappearstorequirefurtherinvesti-
gation,however,istheproper~ans ofcoordinatingor combiningthe
lift-accelerationcommandswiththeroll-attitudecomandsinorderto
minimizetremsientsteeringerrorsduringmaneuvers,particularlyinthe
presenceofboniberevasion.

Thepresentstudyisprimarilyconcern~dwiththeproblemofmaneu-
vercoordinationdur~ theattackphaseofthemission.Simplified
versionsofencountersof anautomaticinterceptorwitha maneuvering
botierwereinvestigatedthroughuseof a ReevesElectronicAnalogue
Computer(RXAC).Bombermaneuversweredesignedtorequirevarious
amountsofrolJonthepartoftheinterceptorin orderto continue
tracking.Foreachcaseseveraltypesof acceleration-barikcoorMna-
tionwerestudied.Inaddition,theeffectsontrackingofthersnge
atwhichthemsneuveris initiated,therateatwhichtherangeis closed,
andsomeautopilotparameterswereinvestigated.
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SYMBOIS

3

A,B,C,D,E, transfer-functioncoefficientsofinterceptor
(seetableII)

a 13.ftacceleration,ft/sec2jexceptwhenspecifiedin
g units

b wingspan,ft

F meanaerodynamicchord,ft

c~ variationof liftcoefficientwithsingleof attack,

%’
—j perradian
:

v~i=ationof liftcoefficientwithelevatordeflection,

Cmq

%&L

f(@)

variationofpitching-moment
~
qsrattack,—
&

, perradian

variationofpitching-momsnt

sionalpitchingveloci~,

variationofpitching-momsnt

coefficientwithangleof

coefficientwithnondimen-
M

+qr
~j perradiang

coefficientwithnp@imen-

sionalrateof changeof angleof attack,
g

radian

variationofrolJ.ing-momentcoefficientwithaileron
de~lection(basedondeflectionofoneaileron),

variationofroU3ng-moment

sionalro.~g velocity,

coefficient@th nondimen-

..
@
2V

signalmodifier(functionofbankangle)

.. . . . .. .. . —. ~.——...—.— -- _ . __ ..——._. .— —-
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13 accelerationof gravity,32.2ft/sec2
.

h altitude,ft

%“ momentof inertiaof interceptorabout
slug-f+

‘Y momentof inertiaofinterceptorabout
slug-ftp

K loopgain

NACARML54E27
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x stabilityaxis,

y stabilityaxis,

% nondimensionalradiusof ~ation ofinterceptorabout

x stabilityaxis,
r

~. Ix
b w%

‘Y

L

IS

M

m

I?

P

~

R

s

T

t

v

w

a

nondimensionalradiusof ~ation of interceptorabout

y Stsbilitysxis,~
FE w/g

lift,lb;tie, rollinnnmnent,ft-lb

Ilne

Mach

miss

of sight

number;also,

distance,ft

constant

Iaplaceoperator,

dynamicpressure,

range,ft

wingarea,sqft

timeto colllsion,

time,sec

veloci~,ft/sec

pitchingmoment,ft-lb

persec

PV2~, lb/sqft

sec

grossweightofinterceptor,lb

angleofattack,radians

.
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anglebetweenflightpathandhorizontal,radians

controldeflection,radians(exceptwhenspecifiedin
degees)

anglebetweenboniberpathandxy-plane,radians

anglebetween13neof sightandhorizontal,radians

pitchattitude,radians

interceptordensi~ratiobasedon chord,w/gpsE

interceptordensi~ratiobasedon span,w/gpsb

amglebetweenlineof sightandxy-pl.ane(seefig.1)

airdensi~,slugs/cuft

anglebetweenflightpathandkbe of sight(steering
error),radians(exceptwhenspecifiedinroils)

smoothedsteeringerror,radians

timeconstantof smoothingfilter,sec

roll(orbank)angle,radians(exceptwhenspecifiedin
degrees)

-W velociw,raiiians/sec

interceptor

bonber

in~-plane

inxz-plane

lineof sight

initialvalue

input

error
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R resultant

a steeringerror

e elevator

a .5Ueronorliftacceleration

i pitchingvelocity

$ rollingvelocity

v vertical

P perpendicularto flightpath

A dotovera quantitydenotesdifferentiation
respecttotime.

MRJ!HODOFANALYSIS
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ofthatquantitywith

General.- Theflightconditionsofthehypotheticalencounters
studiedinthepresentinvestigationwereasfollows:An altitudeof
~0,000feetandaninterceptorl&chn@er of1.7. Theinterceptorwas
initialJytrackinginhorizontalflightintail-chaseposition.At
prescribedrangestheboniberinitiatedconstant-accelerationmaneu=rs
(pull-ups,push-downs,orturns)winchre@red VariOUS~~ts ofro~ng
by theinterceptorinorderto continuetracking.Thecontrolsystmw~
designedto steertheinterceptorona purepursuitcoursethroughoutthe
maneuverby usingcommandsthatwerefunctionsoftheline-of-sighterrors.

Theforegoingconditionsarenotnecessarilyrepresentativeindetail
ofsmactualinterceptorattackbutarebe~eveda reasonablebasisfor
evaluationofvarioustypesof acceleration-bankcoordination.Inorder
to investigatehowtheresultspresentedhereinmightbeinterpretedin
termsofothertypesofencounters,a briefsupplementaryanalysiswaa
made. Thisanalysiswhichispresentedin appendixA indicatesthat,
forvertical-planetargetmaneuversattherangesconsidered,thecondi-
tionsexsmdnedherein(forapursuitcourse)taxtheinterceptorslightly
lessthanfora collisioncourseoffthebeamofthetsxget.Although
horizontalmaneuverswerenotincludedintheanalysisof appendixA,
itiswellknownthathorizontalturnsonthepartofthetargetwould
be considerablylesseffectiveforthecollisioncoursethanforthe
pursuitcourse.Theleadanglesrequiredforhitsinactualgunneryor
rocketryarenotconsideredintheanalysis,butit isbelievedthat
inclusionofleadangleswouldnotaffectsignificantlytheresults.

.

.

.
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Mechanicsoftheproblem.- Thegeometryoftheattacksituationis
showninfigure1. Thesignconventionutilizedhereinis showninthe
two-dimensionalviewspresentedinfigure2. A systemofaxeswaschosen
whichatanyinstantisfixedinspace.Thex-axisis coincidentwith
theflightpath(controlledline)oftheinterceptor(departsfromhori-
zontalsstheinterceptorclimbsordives),they-axisishorizontaland
perpendiculartothex-axis,andthez-axisisorthogonalwiththeother
two.

By referenceto figwes1 and2 thefollowingequations,whichhave
beentransformedfromthetimedomaintothecomplexfrequencydomain
andarewrittenintermsoftheLaplaceoperator,msybe seento apply
inthexz-plane:

PUFXZ=%X2 - qxz (1)

p“%=AZ - %3= (2)

%2 =& a%z (4)

(5)

Thesamesetofequationscanbe writteninthe~-planeby usingvalues
oftheparameterswhichapplyinthe~-plane.

Theconsiderationspresentedin appendixB showthatcertainassump-
tions
These

whichaffordsimplificationofe-@tions(3)and(4)arejustified.
assumptionsare:

~=~z=R

v~=v%=vB

..- ._ .._ ...— -....——_ .— —- ..-—. _ - .—.—. —— .—_—
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f@wi&iii2a

w~ = Sti~Fv

w= = sin q=

Withtheseassumptions,equations(3)and(4)become,respectively:

%Es-

Equations(l),(2),
to givethexz-component
interceptoracceleration

(7), (6), =Ia(7)

(6)

(7)

msybe solvedsimultaneously
ofthesteeringerroras a functionofthe
andthebomberacceleration.Integratingequa-

tions(1)and(2)andsubstitutingequations(5)~ (7)gives:

1 %’Xz
— +WxzoFP (8)

(9)

M willbediscussedsubsequently~= willhavea smallinitialvalue,

@ me initialvaluesof ~W~ a%) ad U% tillbe zero.Xzo●

substitutingeqdations(8)=d (9)titoevtion (6)~d re=r~iu ‘
gives:

(lo)
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Differentiatingeqmtion(8),soltingfor ~z, thensubstitutinginto
e~tion (10)- sol~~ for aFxz giVes:

aB
Xz R ‘B aFxz+ VFW—. .
P VF ‘Xz -~ p Xzo

(1-l)

Thesteeringerrorinthe~-pl.anecanbe derivedina similarmanner
andgives:

a%yR ‘B aFW
—-~wwP -~ p

()

VB
@+VF~-l

(1..2)

AlthoughR isalsotimevarismt,p operatesonlyonthesteering
errors,thefighteracceleration,orthebortiberacceleration.Inthe
automaticinterceptor,thesteeringerrorswouldbe sensedby a radar
fire-controlsystemandusedto derivecomnandsforcontrolofthe
interceptor’sflightpath.

Fire-controlsystem.-Detailedconsiderationoftheeffectsofthe
dynamicsofa radarfire-controlsystemontheinterceptorattackis
beyondthescopeofthepresentpaper.Admittedly,radarnoiseeffects,
cross-rolleffects(forexplanation,seeref.3),andotherfactors
involvingthefire-controlsystemwillhaveanimportantbearingonthe
optimizationandsuccessofa com@etesystem.Theassumptionismade
hereinthaterroneousinputsofthecross-rolltypecanandwillbe
eliminatedinthefire-controlsystemitself.A statisticalstudyof
thesysteminthepresenceofradar-noiseinputswasnotpossible,but
filteringwasintroducedonthecomputedtracking-lineerrorstorepre-
sentthefilteringnecesssryfromconsiderationsofnoisepresentin a
conical-scantypeoftracldngradar.Thefiltertimeconstantchosen
was1/2second.

Commandsto controlsystems.-As statedinthe“Introduction”the
logicalquantitiesto controlinordertoreducethetracking-lineerrors
srethemagnitudeanddirectionofthelift-accelerationvector,because
thisisthemostefficientwaytomaketheinterceptoralteritscourse

-—— ...— .— ——-—+ — —.—— —... . ——
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inanygivendirection.Sinceitisdesiredto curvethepathofthe
interceptordirectlytowardthetarget,thebestthatcanbedoneis
torollto thebankanglewhichplacestheresultantacceleration,(vec-
torsumof ldftandgravitationalaccebrations)intheplanewhich
containstheUne ofsightandthefl&@tpath~ftheinterceptor,here-
inaftercalled“theplaneoftheWe of sight. Therelationsbetween
therequiredvaluesofbankangleandliftaccelerationandthedesired
accelerationinthisplanemaybe determinedfromfigure3. Withthe
assumptionthattheangle(~ - hi) iS s*) theaPPro*te relatio~
are

(13)

(14)

Thedesiredmagnitudeoftheaccelerationintheplaneofthellneof
sightaFM wouldbe madesomefunctionofthesteeringerrors.

Althoughtheforegoingexpressionsin oneformor anotherhavebeen
consideredforuseininterceptorcontrolsystems,theyhavethedis-
advantageofbeingrathercomplicatednonlinearfunctionsofthreevari-
ablesandrequirea verticalreferenceintheinterceptorcontrolcom-
puter.Sincemuchsimplificationis affordedsndtheneedforaverticaJ-
referenceiseliminatediftheeffectoftheearth’sgravitational.field
isneglectedinthecoqutationof comands thefeasibilityofsucha
mcdificationwssconsidered.Equations(13~and(14)become

@F,=%s

%?~=w=

Withthesecomandstheinterceptorrolls
vectorintheplaneoftheWe ofsight.

(15)

(16)

toplacethelift-acceleration
Exceptforvertical-plane

maneuversa componentof gravitywillexistperpendiculartotheplane
oftheme ofsight.As a resulttherewillbe sometendencyforthe
airplanetodropoutoftheHne-of-sightpl.ane,sothattheverticaJ-
errorisincreasedandtheplaneofthehe ofsightandtheinterceptor

6“ ,.,iim??=..‘-.3 .
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bank@ gradualdyrotatetowardthevertical.Ifthellft-acceleration
comandincreasesrapidlywithincreasein steeringerror,thevertical
errorsresultingfromneglectofgravitationaleffectsintheforegoing
sequencearefelttobe smallenoughto justifyinvestigationof a system
whereingravitationalaccelerationinputsarenotincorporatedinthe
comandcomputer.ThesystemthatWas+investigatedherein,therefore,
wasdesignedtorollthelift-accelerationvectorintotheplaneofthe
lineof sightandto supply14ft-accelerationcomandsproportionalto
thesteeringerrorswithashigha gainaswasfeasiblefromconsidera-
tionsofthestabilityofthetracldngloop.

A systemwhichcontrolsliftaccelerationsolelyinproportionto
steeringerrorwill.haveatleasta smalJbiaserrorwhiletracking
steadilyinlevelflight,sincetheairplaneinthisconditionmust
maintaina liftaccelerationof1 g. Underconditionswheretheinter-
ceptormustmsintainevenhighersteadyU.ftaccelerations(inorderto
tracka maneuveringboniber),a largerbiaserrorwillexist.These
errorsmightbe gradualJyreducedby supplyinganadditionalcomnandin
Hft accelerationproportionalto theintegralofthesteeringerrors.
Additionofsninte~alsignalwasnotpossibleinthepresentanalysis
dueto limitationsontheamountofREACequipmentavailable;however,
thisomissionwasconsideredpermissibleinthatthebreakfrequencyof
theconixtnedproportional.plusinte~alsignalusuallymustbe several
octavesbelowtheprimsryresonantfrequencyofthetrackingloopin
ordertopreventthephaseshiftsintroducedby theintegratorfrom
affectingthestabilityofthesystem..(See,discussionofintegral
equalizationinref.4.)Theintegralsignal.thereforecouldnothave
mucheffectonshort-periodtransienterrorsand,inparticular, should
notaffectthecomfwrisonbetweenvariousformsof ~cel..eration-bank-
anglecoordination.

Signalsproportionalto steering-errorratemightdso be considered
forimprovingthehigh-frequencyresponseofthetrackingloop. This
typeofsignalwasnotinvestigatedinthepresentstudy,primarilyfor
thesamereasonthatanintegralsignalwasomitted.Incorporationofa
derivativesignalproportionalto theactualsteering-errorratecannot
be justifiedonttibasisthatitsusewouldcancelthefilteringpur-
poselyprovidedforsignal.smoothing.Itispossible,however,to
mechmizea derivativesignalthatwouldsenseonlythesteering-error
ratesgeneratedby interceptormotionandsucha signalwouldbe useful
inprovitingadditionalstabili~inthetrackingloop. Inrecognition
ofthefactthathighergainscouldbe utilizedwiththeadditionofsuch
a derivativesignalthegainswereadjustedto givea muchmoremarginal
stabi~~ conditionthanwouldnormallyetistinaninterceptorcontrol
system.Thetracking-loopgainwasadjustedsimpl.yby makingtrialruns
untilthismarginalstabili~conditionwasobtained.Thisgainwas
foundtobe affectedprimarilyby rangebuteventherangeeffectwas
notparticularlylarge.No attemptwasmadeto adjusttheloopgain

.
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throughouta givenrun. However,thevalueusedwasslightlydifferent
forthetwomaneunringrangesthatwereinvestigated.Thegains
attainedunderthesemarginalstabili@conditionswerebe~evedto
approachcloselyvalueswhichwouldbe requiredinanactualsystemfor
tighttracking.

Ikchanizationof comamis.-Asmaybe seenfromfigure3 thebank
saglerequiredtoplacethelift-accelerationvectorintheplaneofthe
We of sightisestablishedbythecomponentsofthesteeringerrorin
thexy-ad xz-plane.Thefollowingrelationapplies

(17)

A smoothedversionofthisbank-anglecomandwascowsredwiththe
existingbankangletoprovidetheerrorsignalto theaileronchannel
oftheautopilot.Therewouldbe noneedforabsolutebankanglesin
thecaseofsnactualinterceptorsincethebank-angleerrorcouldbe
determineddirectlyfromthe@nib& ofthetrackingradar.

An interestingpointin connectionwitheqpation(17)isthatthe
bank-anglecomsndis indeteminsnt whenthesteeringerroris zero.
Thisconditionhaspresenteda probleminmanyinterceptorcontrol
systemsinthatsmallsi~alfluctuations(noise)maycausetheinter-
ceptortorollviolentlybackandforth.Unfortunately,thisproblem
COW notbe investigatedbecause,inthepresentstudy,theREAC
resolverswereusedina mannerwhichprecludedrolJsinbothdirections
fromthewings-levelcondition.Ifthisrollindeterminacyisaprob-
lem,itmightbe avoidedbynmdifyingthebank-angle-errorsignalina
mannertoreducethegsinasthesteeringgoesto zero.Sucha modifying
functionmighttaketheform:

$.= “%#.
N+uyR

where N <<lY u% istheresultantsteeringerror,- @e isthe
modifiedbank-angleerror.Ifa verticalreferencewereutilized,such
a modi~ functionmightbe usedto callforzerobank(wingslevel)
asthesteeringerrorgoesto zero.

tiaJJcasesconsideredherein,oncethebank-angleerrorwas
reducedto zero,thelift-accelerationcomandwasgivenby therelation:

.

.

.

—
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In some cases while theairplanewasrolJ@g,thiscomandwasasgiven
by equation(18)butinothercasesthiscomandwasnmdifiedinorder
to investigatetheeffectsof acceleration-bankcoordination.The
followingformsof coordinationwereinvestigated:

(a)ComaudinEft accelerationproportionaltotheresultant
steeringerrorandinitiatedimmediatelyondetectionofan
error

(b)CommsndinEft accelerationproportionaltotheresultant
steeringerrorbuta 1 g commandsustainedwhilerollinn

(c)ComsmdinMft accelerationproportionalto theresultsnt
steeringerrorbuta zerog comandsustainedwhilerolling

(d)Comandinliftaccelerationproportionaltothenormalcom-
ponentofthesteeringerrorsmdinitiatedimmediatelyon
detectionof m error

Thefirstconditionlistedaboveisreallyanuncoordinatedcondi-
tion;however,sucha schememightpossiblybe usedforan airplane
havinga rapidrollresponse.Accelerationscanbe establishedatthe
earliestmomentandtherapidro~ng preventscomponentsof accelera-
tionwhlchareoutoftheplaneofthelineof sightfromexistingfor
w ~otimt lengthoftime. Thesecondty-peof coordinationmight
be usedwheretheairplanehaspoorrollresponserelativetoits

. responseinnormalacceleration.Ineffect,thestatusquoofthelM%
accelerationismaintainedwhilethesirpluerolds.Thethirdtype

. representsthecaseofperfectcoordinationinvertical-planemaneuvers
ofthespiltS type. Theresultantaccelerationwillat alJtimesbe
in a verticalplanewithno tendencyforlateralerrorsto develop
duringtheroll. Themaneuverdefinedhereinasa splitS is onein
whichtheinterceptorispusheddam to a liftaccelerationof zerog
andthenisrolledto aninvertedpositionfromwhichpositivelift
accelerationisapplied.Thefourthty-peof coordinationis anattempt
to obtainbettercoordinationthanwasobtainedwiththefirsttype..
Lateralerrors,whichcannotbe reduceduntiltheairplanero~, will.
notproduceaccelerationcommands.

Autopilotchsnnels.-Theautopilotservomotorswereassumsdto
operatefroma roll-attitude-errorsignalintheaileronchanneland
froma lift-acceleration-errorsignalintheelevatorchannel.Because
ofthehighaltitudeatwhichtheencounterstookplace,theinherent
dampingoftheairframeinbothrollandpitchwaaextremely’poor.Tn
orderto improvetheoverallresponseoftheairplane-autopilotcombina-
tion,roll-ratefeedbackwasadd6dtotheaileronchannelandpitch-rate

. feedbackwasaddedto theelevatorchannel.Theautopilotservomotors
wereassmnedtohaveperfectresponse.h usingtheassumptionofperfect

.—..————...—— .— — .— —-.——. —.——.—
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servomotors,however,carewasexercisedto specifyerrorsmdrategains
thatarerealJsticintermsoftheperformancetobe expectedfrom
actualservomotors.Inparticular,Uts onrategainsweredetermined
onthebasisofa pre.1.iminary-sis oftheairplane-autopilotcom-
binationwhereinservodynamicswereconsidered.A servoloopwithan
undampednaturalfrequencyof 10cyclespersecondanda dampingratio
of0.7wasassumed.ItwaEfo~d thatwiththevaluesofgainselected
theresponsewiththeperfectservos”wasverysimilarto theresponse
obtainedwhenanactualservowasconsidered.

Thepremisewasmadethattherudderchannelwouldbe usedto
regulatesideslipandyawingveloci~to smallvalues.No studieswere
madeof a systemto accomplishtheregulation,butthispremisewasused
as a basisforthefurther=sumptionthatthelateralmotionofthe
airplanecouldbe considereda singledegreeoffreedominroll.

l!Q3!@E”-A taillessdelta-wingconfigurationwasusedinthe
presentanalysis.StabiMtyderivativeswereobtainedfromfree-fllght
testsofrocketmodelsof similarconfigurations(refs.5 and6). The
physicalcharacteristics,donotcorrespondto anyparticularairplane
butarerepresentativeof supersonicinterceptordesigns.Thepertinent
physicalcharacteristics,stabili~derivatives,andflightconditions
arelistedintableI.

Theassumptionwasmadethatthelongitudinal,lateral,anddirec-
tionalmotionsoftheairplanewerenotcoupled.Theaerodynamic
couplingeffectshouldbe smallwithtightsideslipregulationand,in
general,neglectof couplingduetoproductofinertiacanbe justified.
Perhapsthemostimportantcouplingeffectswouldresultfromgyroscopic
andcentrifugal.momentswhichwouldexisth pitchendyawwheneveran
airplaneisrolledrapidly.Reference7 presentsa theoreticalinvesti-
gationofsucheffects.Thepresenceofanautopilotwhichendeavors
to regulatesideslip,Hft acceleration(approximatelytheangleof
attack),yawingvelocity,andpitchingvelocityshouldcontributemateri-
allytoreductionoftheimportanceofthesemasseffects.Thesecon-
siderationsandthefactthattheinterceptorwasexpectedto sustain
highrollratesonlyforveryshortperiodswasusedasa basisfor
neglectofthesemasseffectsalthoughextensionofthepresentinvesti-
gationto includethemwouldappeardesirable.

Withtheforegoingsimplificationsandwiththefurtherassumptions
thatthespeedoftheinterceptorisregulated(nochangein forward
speedthroughouttheattack),theresponseoftheairplaneinlift
accelerationto elevatordeflection,inrollangleto ailerondeflection,
andinpitchingvelocityto elevatordeflectioncanbewrittenastransfer
functionsofthefollowingforms:

‘C-WF!?!?Z3

.

.
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se

AP2+Bp+C

15

@FF—=
ba .P(Q + H)

6F IP+J
—=
5e Ap2+Bp+c

As isusuallythecase,thecoefficientofthefirstorderterminthe
numeratoroftheforegoingaccelerationtransferfunctionwasfoundto
be verysmalland,therefore,thetermwasneglected.Therolltrans-
ferfunctionisbasedonthedeflectionof oneaileron.Expressionsfor
thecoefficientsofthesetransferfunctionsintermsof stabilityderiv-
ativesarepresentedintableIIasaretheirvaluesfortheexample
airplane.As impli edbytheuseofthetransferfunctionconcept,the
responseoftheairplaneto controldeflectionswasassumedLinear;
however,boththelateralandlongitudinalcontroldeflectionswere
Mmitedtovaluesbelowone-quarterradian.Althougheleven-~esur-
faceswereassumed,thelateralandlongitudinalcontrolwereassumed
tobe independentlyMmited(stopson stick).

Airplsme-autopilotcotiination.-Blockdiagrsmsoftheelevator
andaileronchannelxoftheairplane-autopilotconbtitionarepresented
infigurek. Themagnitudesoftherategainswhichwereinitially
selectedwere0.5radismperradianpersecondintheelevatorchannel
and0.6radianperradianpersecondintheaileronchannel.Thevalues
wouldbe easilyusablewithanautopilothavinggoodperformance.Jn
theaileronchanneltheroll-rategainwasincreasedto 1.2radiansper
radianpersecondfornmstruns. Thisincreasewasrequiredto avoid
an instabilityassociatedwithcontrol-surfacelimiting,whichoccurred
dbing runswheretheinterceptorrolledthroughlargeangles.Tna
fewrunstheroll-rategainof 2.2radiansperradianpersecondwas
requiredinorderto eldminatethisinstability.Thelastvaluemaybe
quitehighwithreferenceto itseffectonthestabilA@oftherate
loopofanactualautopilot.Aswillbediscussedsubsequently,this
largerategainalsoproduceda mildinstabili~inthetrackingloop
whenthesystemwasoperatinginthellnearrange.Thisinstability
waacausedby therelativelypoorerlinearresponseoftheairplane-
autopilotcombinationwiththelargerategain.

—. ..——.— ..—— .——— .—. .— .— . . ——.— —
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Forallconditionsinvestigatedtheerrorgainsettings& ofthe
autopilotwere0.1radianperg fortheelevatorchanneland8 radians
perradianfortheaileronchannel.Typicalresponsestounitstep
commandsinroll.angleandHft accelerationme showninfigure5 for
thevariousgainsettingsusedintheanalysis.b eachcasea compari-
sonismadeoftheresponsewitha perfectservo(assumedherein)aud
theresponsetitha second-orderservohavinga naturalfrequencyof
10 cyclespersecondanda dampingratioof0.7. Althoughthestabi~ty
oftheairplane-autopilotcombinationisreducedso~whatwiththesecond-
orderservo,thedifferencesinresponseerenotsignificant.Notethat
anerrorexistsbetweenthecommandvalueandsteady-statevalueofHft
acceleration.Thissteady-stateerrorresultsfromthelackofaninte-
gratingcharacteristicintheaccelerationloop.Thischaracteristicwas
notincorporatedbecauseof shortageoftherequiredREM!components;
however,sincetheaccelerationcomnandis controlledcontinuouslyfrom
guidancesignalstoprovidetheproperaccelerationoutput,thesteady-
stateaccelerationerrorcheiflyreflectsa reductioninthegainaround
thetracldngloopwhichcanbe increasedby othermans.

Completesystem.-Ablockdi~am ofthecompletesystemusedin
thisinvestigationispresentedinfigure6 anda REM wiringdia+yam
ispresentedinfigure7. TheequationssolvedbytheREACarepresented
in appendixC. Startingwiththegeome~ computersforthexy-and
xz-pl.anes(seefig.6),thefighterairspeed,theinitialvertical
steeringerror,andthefighter-bomberspeedratioaresetasfixed
valuesintothesecomputers.Thexy-andxz-componentsofboniberaccel-
erationme programedintothesecomputers,asistherangewhichis
approximatedby therelation

discussedassum@ionthat u
‘w + ‘%

oftheinterceptoraccelerationarefed

onthebasisofthepreviously

and ~Fxz+ %z aresmall.

Thexy-andxz-components
to thegeomtrycomputerfromtheoutputsof~heairplane-autopilotcow
bination,andthegeomet~computercontinuouslysolvesequations(c8)
and(C9)of appendixC todeterminethesteeringerrors.Theseerrors
arepassedthroughthefiltersrepresentingtheradarandthencetothe
commandconqmtir,whichsolvesequations(C12)W (C13)of appendixC
to determinethebasicbank-angleandUft-accelerationcomands. b
thecaseofEft accelerationthecomnandcomputerabo containsa
signalmodifierwhichaffordsthepossibi~~ofholdingtheaccelera-
tioncommandata prescribedconstantvalueforanyprescribedrangeof

.

.
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bank-angleerrorsandalsoaffordsthepossibili~ofproducingan
accelerationcommandproportionaltothenormalcomponentoftheresult-
antsteeringerror.

Theaccelerationandbankcommandswerefedtotheautopilotto
producecontroldeflections.Boththeelevatorandtheaileroncontrol
deflectionswerellmitedto angleslessthan0.25radian.Thisvalue
isreferredtothedeflectionof oneaileron.No controlrateNting
orlimitingof anyotherquantitywasconsideredintheinvestigation.
Thecontroldeflectionsfromthelimiterswereusedtodeterminethe
lJ.ftacceleration,pitchingvelocity,androll-angleresponseofthe
interceptor.Theroll-angleoutputwasusedtoresolvetheliftaccel-
erationintoitsXZ-and~-componentswhichwerefedbackintothe
geometrycomputerto closethetrackingloop.

R- e ofvariablesinvestigated.-Abasicsetof initialconditions
wasassumedthroughoutmostoftheinvestigation.Theseconditionswere:
aninterceptorairspeedof 1,650feetpersecond,a boniber-fighterspeed
ratioof4/5,anda rangeforthebombermaneuverof5,000feet.The
directionofthebonibermeuvers wasvariedin a mannertorequirethe
interceptortoperformpull-ups,clinibingturns,horizontaltwns,
divingturns,push-downs,sndvertical-planemaneuversofthesplitS
typeinorderto follow.Thebonibermaneuverwasdefinedsolelyin
termsofthexy-andxz-componentsofitsMft acceleration.This
accelerationwasappliedas a step.A mOrerefinedvariationofboniber
accelerationwasnotconsiderednecessary,sinceanydesiredassumption
astothetimeforaccelerationbuildupcouldbe approximatedsimplyby
assumingthebotiermaneuvertobe initiateda shorttimebeforethe
stepinaccelerationwasapplied.Themagnitudeofthebomberaccelera-
tiongenerallycorrespondedto a 3gliftacceleration,theactualaccel-
erationbeingthevectorsumoftheliftandgravitationalaccelerations.
Insomedivingmaneuverstheabsolutebomberaccelerationwas-2g(lift
plu9gravitationalacceleration).fiorderto investigatetheeffects
of closingrate,somerunsweremadewitha bomber-fighterspeedratio
of 1/2,and,inorderto investigatetheeffecta
forthebombermaneuver,somerunsweremadewith
at a rangeof 10,000feet.

RESUIESANDDISCUSSION

General

Mostoftheinvestigationwasconcernedwith

ch&ge intherange
thebonibermaneuvering

maneuversinwhichthe
interceptorwasrequiret-toperformhorizontal.turningor splitS me
maneuverssinceacceleration-bankcoordinationwasfelttobe most
criticalinmaneuversinvolvinglargeammntsofrolling.No pWtiCUhW

—— ..-——.————.——— --—.. —.—



considerationwasgiventotheabili~ofthebotiersuccessfullyto
performthedivingmsaeuversconsideredherein;althoughwithuseof
speedbrakestheywouldappearfeasible.Whetheranyoftheboniber
maneuversarejustifiedfroma tacticalstandpointalsowasnotcon-
sidered.Useofpti-upsandpush-downsby theinterceptorto follow
vertical-plmemaueuverswasinvestigatedtoestablishwhatpenalties
wereincurredwhentheinterceptorwasrequiredtoroll.

ThePull-UpWneuver

Timehistoriesofelevatordeflection,liftacceleration,and
steeringerroroftheinterceptorinfollowinga boniberpuIL-upof3g
(liftacceleration)arepresentedinfigure8 fortwovaluesofboniber-
fighterspeedratioandtwobonibermaneuveringranges.Thebasiccase
of VB/VF of4/5and ~ of~,000feetis shownasthesolidline.
Allthetimehistoriesapproachsteadyvaluesinanexponentialfashion.
Thereis a lightlydampedoscillationsuperimposedasthegeneralvaria-
tion;however,thisoscillation,whichalsoappearedduringallsubsequent
runs,isnotregardedassignificantinthatitsdampingmostprobably
couldbe materiallyimprovedby modificationsnotaffordedwiththe
availableequipment.Duringtheruntheelevatorcontroldidnotreach
itsMmit andnew theendoftheruntheinterceptoracceleration
approacheda valueabout1/2g higherthanthatof‘thebonber.The
steeringerrorwasultimatelyincreasedby anincrementof about12mil.s
duetothebombermaneuver.Provisionof integrationinthetracking
loopwouldhavegraduaUyreducedthiserrorto zerosothattheactual
Ugnitie oftheerrormaynotbe significant;however,itdoesserve
aE a basisforcomparisonwiththeerrorsgeneratedinothertypesof
maneuvers.

Theeffectof anincreasein closingratecorrespondingto a chsmge
inthespeedratioto 1/2msybe seenbyreferenceto thelongdashed
we in figure8. Theresultwasto increasethesteering-errorand
interceptor-accelerationvariationsa8a functionoftime. Theelevator
-o reachedits13mit;however,theldmitingoccurredataboutthetime
thattherangewasclosedandtheruncompleted.At a speedratioof
4/5,thersmgewasclosedata rateof330feetpersecond;whereas,at
a speedratioof1/2,thisratewas825feetpersecond.Useofthese
valuestodumge thetimescaleoffigure8 to a rangescaleshowsthat
thevariationoferrorasfunctionofrangeisreducedatthehigher
closingrate.

Theeffectofinitiationofthebonibermaneuverata greaterrange
isalsoshowninfigure8. At a maneuveringrangeof10,000feetthe
errorsatthelowerclosingratearereducedasexpectedfromthose
occurringattheshorterrange;however,wfth
thelongerrangethesteeringerrorsincrease

%$llW~ZWT~.

a highclosingrateat
steadilyandwouldappesr
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ultimatelytoexceedvaluesfortheshort-rangecases.Thisresultleads
to theconclusionthat,althoughtheerrorvariationasa functionof
rangecsnbe reducedfora timeby useofhigherclosi~ratesforany
givenmaneuveringrange,thebotiercangeneratelargererrorsatany
desiredrangewhenhigherclosingratessreusedsimplyby initiating
itsmaneuverata greaterrangeastheclosingrateisincreased.

Horizontal.TurningManeuvers

Thepointofprimsryinterestinhorizontalturnsisthecoordina-
tionofaccelerationwithbankangle.Ofthemsmypossibilitiesthree
typesof coordinationwereinvestigatedforthismaneuver.Inonecase
Mft-accelerationcomsndsproportionaltotheresultantsteeringerror
wereappliedimmediately,regardlessof anyexistingroll-angleerror.
Inanother,theliftaccelerationwasmaintainedat1 g untiltheroll-
smgleerrorshadbeenreducedto a smallvalue(about50). tithethird
caseanattemptwasmadeto geta morecoordinatedtypeofmaneuverby
applyinga IJ.ft-accelerationcomandirmnediatelybutmaid.ngitpropor-
tionaltothenormalcomponentofthesteeringerror.

A comparisonofthesethreeformsof coordinationispresentedin
figure9 fora speedratioof4/5anda maneuveringrangeof5,000feet.
Fortheinterceptorass-d inthepresentanalysiE!,therollresponse
wassufficientlyrapidto enablethecomnandin liftaccelerationtobe “
appliedimmediatelywithoutcreatingsignificsmtverticalerrorsdueto
lackof coordinationduringtheroll.Whetherthecommandwasmadepro-
portionaltotheresultantsteeringerrororitsnormalcomponentwas
notimportantwithregardto effectsonsteering-errorvariation,control
deflection,or airplaneresponse.Iklsyingtheaccelerationcomand
untiltheairplanehasrolledresultedin increasedtransienterrorsin
boththeverticalandhorizontalplsmes.Thesetransientswerefairly
rapidlychecked,however.Thelargeroscillationsforthecaseofthe
delsyedaccelerationcomnandreflectthelargertransientsencountered
inthiscaseandthepoordampingofthetrackloopofthesystemunder
study.Thetimehistoriesof ailerondeflectionshowthatlessthan
one-halfofthetotalailerondeflectionavailable(0.5radian)was
usedduringthesemaneuvers.

~o shownforcomparisoninfigure9 arecomparabletimehistories
of a pull-upmaneuver.Themagnitudeoftheresultantsteeringerroris
veryslightlyincreasedfortherolJingmaneuverascomparedwiththe
nonrollingmaneuver.A slightlylessfavorablecomparisonwouldexist
fortherollingcaseifanintegratorhadbeenpresentinthetrack
loopto reducetheinitialverticalerror.

Ingeneral,thecommentsrelativetotheeffectsofincreased
closingrateand/orincreasedmaneuveringrangemadeforthepull-up
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alsoapplyto
studied.The
bankangleis

thehorizontalturnandtotheothermaneuverswhichwere
mannerinwhichtheliftaccelerationis coordinatedwith
evenlesscriticalatthelongerranges.

Thesp~t S VerticalPlaneManeuver

General.- Presentairplaneconfigurationsaredesignedwithgreater
maneuveringlimitsunderpositiveaccelerationthanundernegativeaccel-
eration.Thischaracteristicinpartresultsfromreco~tionofthe
differenceinthecapabilitiesof a humanpilottowithstandpositive
andnegativeaccelerationina seatedposition.Inadditionoperatimg
difficultieswithenginesandotherequipmentareoftenencounteredunder
a sustainednegativeacceleration.Becauseoftheseconsiderationsa
humanpilotmsyusenegativeaccelerationsformildpush-downmaneuvers
butbeyonda pointhewillroll.theairplanetotheinvertedposition.
TheautomaticinterceptormsysMo be requiredtoperformon sores
occasionsthesplitS maneuver,andthismaneuverwouldappearthenmst
criticalfromthestandpointof coordinatingaccelerationwithbak
angle.

Effectof aileronlimiting.-Priortodiscussionof coordination,
it isbelievedworthwhiletopointouta control-systemdifficul~
encounteredduringthestudyofsplitS maneuvers.Itwasfoundthat,
fortheselectederrorgain,a rate-gainsettingof0.6radianperradian
persecondproduceda satisfactorytransientresponsewhenthesystem
wasoperatingin itslinearrange.Inmaneuverssuchasthesp~t S,
wherelargerollangleerrorsoccur,theaileronsoperatein a
displacement-limitedconditionforanappreciablelengthoftimeand
largerollingvelocitiesareobtained.As thedesiredvalueofroll
angleisapproached,theaileronsreverseata pointdeterminedlythe
rollingvelocityandthevaluesoftheerrorgainandrategainchosen
forthesystem.Theabili~oftheaileronsto reducetherotig
velocityislimitedby theMmits on ailerondisplacement,andforthe
gainschosenonthebasisofHnear operationtheovershootfora
1800bankcommandwaslarge.In fact,a typeofinstabilitywasfound
to occurinwhichtheaileronsoscillatefromstopto stop.

tiordertoreducetheinitialovershoot,it isnecess~ forthe
aileronstoreversesooner(ata largervalueofrolJ.angleerror).
Thisactionwasaccomplishedby increasingtherategainofthesystem,
anditwasfoundnecesssrytoprovideroughlya three-foldincreasein
ordertoelhninatetheovershootandavoidthenonlineartypeofinsta-
bility.Thevalueofrategainfoundtobebestwas2.2radiansper
radianpersecond.Unfortunately,useofthishighrategainslowed
theresponseoftherollcontrolsystemtosuchanextentthata mild
instability~roll occurredinthetrackloopunderconditionsof
Mnear operation.Althoughthisinstabilityperhapscouldhavebeen

.
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eliminatedby sikiitionof steering-errorrate,this~fication wasnot
affordedby theequipmentavailable.Theinstabili~wasnotbelieved
to affecttheevaluationofthevariousmethodsofcoordinationof
accelerationandbankangle.Perhapsa dual-modeformof operationin
whichtherategainis changedassomefunctionoftheroll-angleerror
mightaMo be a wayofovercomingthedifficultiesencountered.

At thispointitmaybe mentionedthatnmstoftheresultspresented
hereinwereobtainedwitha valueofrategainof1.2radiansperradian
persecond.ThisvalueavoidedthenonMnesrtypeofinstabilitymen-
tionedpreviouslyforallconditionsstudiedexceptthatofthesplit
S maneuver.Theeffectonthetracldngcharacteristicsof anincrease
inrategainfrom0.6to 1.2radiansperradianpersecondwasnegligible.

Effectof acceleration-bankcoordination.-Returningto theproblem
of acceleration-bankcoordinationina splitS maneuver,itisobvious
thattransienthorizontalerrorsmustoccurunlesstheliftacceleration
ismaintainedat zerowhiletheinterceptorisrolliug.Timehistories
arepresentedinfigure10ofthevariationsin controldisplacements,
liftacceleration,rollangle,andsteeringerrorsoftheinterceptor
whileundergoinga splitS manemr inwhichzeroliftwasheldwhile
rolling(whenever@c> 50). Becauseofthepresenceofthevertical
biaserrorinthesystem,the”interceptor,infollowingthebomber
msneuver,initiallypusheddownwithoutrollinguntila conditionof
zerog wasobtained,atwhichtim a rollcommandof1800wasapplied.
Thiscomnandtotheaileronchanneloftheautopilotcausedtheailerons
abruptlytodeflectfullrightandthenthehighgainoftheroll-rate
signalcausedtheaileronsabruptlyto deflectfullleftshortlyafter
90°ofbank, By rollingatzerog,transienthorizontalsteeringerrors
wereavoidedbutthetransientverticalerrorsthatdevelopedduring
thismaneuverwereextremelylsrge.Therapidbuildupinsteeringerrors
showninfigure10ultimatelywaschecked,butthetransienterrorwas
solargethattheusefulnessofthisprocedureincounteringa bomber
maneuverisdoubtful.Itwasthoughtpossiblethatsomeimprovementcould
be madeby holdingzerog overa smallerpartoftheroll,forexsmple,
by applyingtheaccelerationcommsndwhen #e= 45°. lm tivestigationof
thispossibility,however,revealedthatanydelsyinapplicationofthe
accelerationcomnandresultedinlargertransienterrorsthanthose
obtainedwhenthecommandwasappliedimmediately.

ThesolidWes infigure10 applytothecasewhereanaccelera-
tioncomnandproportionaltotheresultantsteeringerroris applied
immediately.Theairplanepusheddownto zerog andthenrolled.AS
theinterceptedrolledthroughthefirstquadrantitsliftacceleration
becameincreasinglymorenegative. 6Atroughly90 angleofbankthe
accelerationcomandabruptlychangedfroma negativeto a positive
mmmnandandtheliftaccelerationbecsmeincreasinglymorepositive
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whilerollingthroughthesecondquadrant.Inthismannertherewere
alwayscomponentsofinterceptoraccelerationtendingtoreducethe
verticalerrorandtheverticalerrorsweretherebyheldtoreasonable
valueswhilethesirplanerolled.Becauseofthelackofcoordination
theinterceptorwhilerolJ,ingthroughthefirstquadrantpuld.edtothe
leftofthebonberandthenwhilero~g throughthesecondquadrant
camebackandpulledtotherightofthebotierwiththeresultthata
fairlylsrgehorizontalsteeringerror(about10roils)wasgenerated
neartheendoftherollingmaneuver.The~adualincreaseinthe
oscillationamplAtudereflectsthepreviouslymentionedmildinstabi~ty
associatedwiththeuseofa veryhighrategti intherollchannelof
theautopilot.Tbisinstabili@probablycouldbe etiated in an
actualsystem.

Immediateapplicationof anaccelerationcomandproportionalto
thenormalcomponentofthesteeringerroraffordedsomewhatbetter
coordinationthanwasobtainedineitherofthepreviouslydescribed
cases.Thechiefdifferencebetweenthiscaseandthecasewithcom-
mandsproportionaltotheresultantsteeringerroristhattheaccelera-
tioncommanddecreasesandgoessmoothlythroughzeroasa 90°bankis
approached.Thusthenormalaccelerationwasmaintainedat a fairly
lowvalueintheregionof90°bankanglewhereitwasineffectivein
reducingtheverticalerrorssndmosteffectivein creatingtransient
horizontalerrors.

Forcomparison,thecasewhereintheinterceptordoesnotrollbut
simplyperformsa push-downin followingthetargetisabo presentedin
figure10. Duringthismaneuvertheinterceptoraccelerationsteadies
outatabout-2.5g.Althoughthisvalueiswithintheallowablelimit
formostfighter-meairplanes,itislargeintermsofthevalues
normaUyusedby pilotsandalsointerms‘ofa pilot’sphysical.capa-
bilities.A decreaseintransienterrorsisevidentwhentheinterceptor
wasnotrequiredtoroll,butthedifferencedoesnotappearsufficiently
greattoruleoutthepossibili~of successfullyperformingrolllng
maneuvers.

Asmentionedpreviouslythedetailsofthebonbermaneuversarenot
consideredherein;howeveranymaneuverresultingin a downwardMft
accelerationof-3gmightbe regardedasrathert~~ fora bo~er to
perform.Infact,bombersordinarilyarenotdesignedtowithstand
negativeaccelerationsofthismagnitude,althougha maneuverofthis
typepossiblymightbe acconqlishedby ro~g toaninvertedposition.
Becauseoftheforegoingconsiderations,a situationwhereinthebomber
sustaineda liftaccelerationof-1 g wasalsoinvestigated.Although
transienterrorswerereducedproportionately,thetypeof coordination
chosenstillhadanimportsnteffectontheabilityoftheinterceptor
totrackby usinga rollingmaneuver,andthesametrendswereevident
asforthemaneuveroffigure10.

.

.
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Effectofairplanerollresponse.- Theforegoingresultsappearto
applytothetypeof airplaneinvestigatedherein.Thisairplaneon
applicationof fullaileronhasa rolJingaccelerationof4 radiansper
secondpersecondandcontinuesto accelerateinrolluntilextremely
largevaluesofroldangleareobtsined.Thistypeofrollingperforw
anteisusuallyattainedwithheavilyloadedairplanesflyingathigh
speedsandhighaltitude.Abriefinvestigationof anairplanehaving
thesameinitialrolJingaccelerationbutwhichrapidlyacceleratesto
a steadyrollingvelocityindicatesthattheeffectsof coordination
areprobablydifferent.Forthispartofthestudythetransferfunc-
tionchosenfortheairplane(relatingrollingvelocityto aileron
deflection)hsda timeconstantof1/2secondandthesteadyrateof
rollforfullailerondeflectionwasabout2 rsdianspersecond.Time
historiesofthesteeringerrors,roll~le, normalacceleration,and
controldeflectionarepresentedinfigureH andapplytomaneuvers
wheretheaccelerationcomandproportionaltothenormalcomponentof
thesteeringerrorisgivenimmediately.Asmaybe seenfromthefig-
ure,becauseoflackof coordinationa largehorizontalerrordevelops
at aboutthesametimethattheverticalerrorisbeingchecked.The
directionofthishorizontalerrorissuchasto keeptheinterceptor
rolJing.As a resultof similareffectsa vertical.erroragaindevelops
asthishorizontalerrorisreducedwiththeresultthattheairplane
apparentlyrollsthrougha numberof completerevolutionson a helical
pathaboutthedesiredmeantrajectory.

DivingTurnM4neuver

A divingturnmaneuveris oneinwhichtheinterceptorrolJsto a
bankanglesomewhatgreaterthan90°inordertotracktheb’ofierand
servesto illustrateanotherimportanteffectof airplanerollingper-
formanceontheabilitytotrackthroughlsrgerollingmaneuvers.As
msybe seenfromthetimehistoriespresentedinfigure12,theinter-
ceptorwasableto followthismaneuversatisfactorilyforthebasic
conditionsassumedherein.Withthesileroneffectivenessreducedto
one-halfthevalueassumedinpreviousexsnples,butwiththeautopilot
gainsincreasedto givethessmelinesrresponseasbefore,a large
overshootandassociatednonlineartypeofinstabi~typrevious=
describedin comectionwiththesplitS maneuverwasencountered.Even
withtherategainincreasedtomorethan4 radiansperradianpersec-
ond(thehighestavailable),theovershootandattendantinstability
wasnotavoidedandthishighvalueofrategainseriouslyreducedthe
linearresponseofthesystem.Thisresultillustratestheneedfor
goodrollingperformanceoftheinterceptor.Itmightbe notedthat,
withtheaileroneffectivenessassumedinmostoftheexamples,the
interceptorby useoffullailerondeflectionwascapableofrolding
through90°inskightlyunder1 second;whereas,withtheeffectiveness
reducedto one-half,thistimewasincreasedby 40percent.

— . .- ——— ..—. _.—___ —..——————— ..— —
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OtherConsiderationsJnvolvedinRolMngManeuvers

Ih orderto surmnarizetheeffectthatrollinghasontheabilityof
theinterceptortotrack,thesteeringerrorsforfivetypesofbomber
maneuversarepresentedinfigure13. Allbombermaneuverswereata
Mft accelerationof3g andthemaneuverspresentedarea climb,a
cl.hibingturnat45°tothevertical,a horizontalturn,a divingturn
at45°tothevertical,anda dive. Thesteering-errorvariationsare
presentedintwoways,astheresultantsteeringerrorandastheresult-
antsteeringerrorwiththeinitialverticalerrorsubtractedfromthe
verticalcomponent.Thelattervariationapproximatesthatwhichwould
occurforthesystemifthesteady-statesteeringerrorhadbeenreduced
to zeroby a veryslowintegrationinthetrackingloop.Asmsybe seen
fromfigure13theresultantsteeringerrorexhibitsbutlittleincrease
dueto increaseintheamountofro-g required;whereastheother
formofthesteering-errorvariationsshowa somewhatmorepronounced
effect.Therefore,ifitwereexpectedthatthebomberwouldutilize
equalmagnitudesofliftaccelerationin alltypesofmaneuvers(climbs,
dives,orturns),lackofintegrationmightnotbe a detriment;however,
if itwereexpectedthatthebotierwoulduseanequalacceleration
incrementfrom1 g f~ght (+3ginpull-upsad -1g inpush-downs),the
presenceofanintegratorwoulddefinitelyreducetheaveragesteering
errors.

Anothereffectofthepresenceofa smallvertical.biaserrorin
steadytrackingisthatitautomaticallycausestheinterceptortoroll.
totheuprightpositionwhenevera bonibermaneuverceasesandsteady
trackingisresumed.Aspointedoutpreviously,italsoautomatically
avoidsrolJ@ginfollowinga divingtypeofmaneuveruntilnegative
normalaccelerationis commnded.Anotherpointofinterestrelatesto
theconditionofrollindeterminacy,whichoccurswhentheroll-angle
commandsaredetermined onthebasisofsteering-errorcomponents.With
a steady-statebiaserror,thecriticalconditionfortherollindeter-
minacywouldoccurwhenthebomberforcedtheinterceptortotrackina
free-fall(zerog) condition;whereas,withthehisserrorremoved,the
criticalconditionwouldoccurinstraightflight.

MaximumRatesofRoll,Controllbtion,andTracking-Linehtion

Thesimplificationsmadeinthecontrolsystem,intheconmands,
andinthegeomtryusedinthepresentanalysisdictatethatany
interpretationoftheresultsintermsoftherequireddynamiccharac-
teristicsofthecontrolsystem,theradar-antennadrivesystem,orthe
interceptorbe approachedwithcaution.Someinsightintotherate
requirementsofvariouspartsofthesystemisneverthelessbelieved
affordedby theresults.TherunsinvoltigthesplitS maneuverwere
themostcritical.fromthestandpointoftaxingcontrolsystemand
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airp~e performance(seefig.13). h splitS maneuversthemaximum
rollratesdevelopedwereabout4 radianspersecond.Thisvalueof
rollrateisbelievedaboutthatatwhicha humsmpilotmightlosehis
orientation.Althoughtheforegoingstatementis anindicationthat
theinterceptorstudiedhereincouldrollveryrapidly,thisrollper-
formancewasrequiredinordereffectivelyto countertsrgetmaneuvers.
Themsximumrollratethatcouldbeobtainedbytheinterceptorwith
fullailerondeflectionwasabout12radianspersecond.SuchrolJ
ratescouldbe approachedonlyby rolMngtheairplanethroughseveral.
completerevolutions.Thus,themaximumavailablerollratefora high-
altitudesupersonicinterceptorisnota goodcriterionofrollper-
formance.Themsxiammrollingaccelerationobtainedwasabout4 radians
persecondpersecond.Thisvaluedoesnotdiffergreatlyfromthose
experiencedinpresentairplanesandshouldnothaveanyadverseeffects
onthehumanpilot.

Thenormalaccelerationsoftheinterceptorattainedduringthe
runswheretrackingwassatisfactorywereonlyslightlygreaterthan
thoseoftheboniber,themaximumbeingaboutkg. Thisvalueofnormal
accelerationcorresponds(attheinterceptorspeed)to a steadypitching
veloci@ofabout0.08radianpersecond.Theseresultsindicatethat,
ifthemaneuveringcapabilitiesofa supersonicairplanewerelimited
to liftaccelerationsofabouthg,theassociatedlowpitchratewould
notinterferewiththeabilityoftheinterceptortotrack,oncetracldng
wasestablished.Availablepitchratesofthislowmagnitudemight
presenta problem,however,inreducingvectoringerrorsatthebeginning
of anattack,particularlyforhighclosingrates.Considerationsof
veloci~reductionandperhapsofthemagnitudeoftheangleof attack
msyverywellrestrictnormalaccelerationsandpitchratestovalues
atorbelowthoseencounteredinthisinvestigation.

Sincetheservoswereassumedtobe perfect,thecontrolsfollowed
inputsto theservowithoutlag. Eveninthiscasetheelevatorrates
didnotexceed1 radismpersecondexceptin isolatedinstanceswhere
theaccelerationcommamdwasdiscontinuous,andintheseinstancesthe
needforhigherratesthsmthatquotedabovewasnotapparent.Actually,
theexanq?leinterceptorhada greaterpositivestaticmarginthanwas
desirable.Thisstaticmsrginwasdictatedbythedesirabili~ofpro-
vidingatleasta smallamountofstaticlongitudinalstabilityatsub-
sonicspeeds.Iftheoperatingstaticmar@n couldbe reduced,the
elevatorcontrolrequirementscouldbe relaxedfurther.

h thecaseoftheailerons,discontinuouscomandsalsocalled
forinfinitecontrolrates,buthighrateswereexperiencedforcon-
tinuouscomands.Evenforhorizontalturnswhereailerondisplacements
didnotattaintheLbnit,aileronratesgreaterthsm2 radianspersecond
wereencounteredduringaileronoperationto checktheroll.Whenthe”
aileronsoperatedunderlimitingconditions,stillhigherrateswere
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obtainedduringaileronreversalandhighratesappearednecessaryin
ordertopreventexcessiveovershootofthebaukangle.

Tracking-1inerateswerein allcaseslow. Whengoodtrackingwas
obtained,thevaluesdidnotexceedO.~ rddianpersecond;andfor
casesofpoortracking,thevaluesdidnotexceed0.08radianperqecond.

CONCLUDINGREMARXS

Frmnthestudyofcoordinationof liftaccelerationandroll-angle
comandsinrollingmsaeuversofan automaticallycontrolledinter?
ceptor,thefollowingconclusionswereobtained.Theseconclusions
applyto thebotier-fighterspeedratiosinvestigated(4/5and1/2)and
theinvestigatedrangesforinitiationoftheevasivemsneuer(5,000ft
and10,000ft).

1. hbotier maneuversrequiringa ho~izontalturnonthepartof
theinterceptor,rollperformsmceofthecharacterexpectedfora
supersonicinterceptorwassufficientto enablelift-accelerationcom-
mandsproportionalto steeringerrortobe applied.imediatelywithout
creatingsignificanttransienterrors.Smallertransienterrorswere
obtainedwhenthe~ft-accelerationconmandwasappliedimmediatelythan
whena Hft accelerationof1 g wasmaintainedduringrolhg, buteven
inthelatercasetheerrorswererapidJychecked.

2.Forbomberdivingmmeuversinwhichtheinterceptoruseda
msneuverofthesplitS me to followthe.bonfber,thesuccessofthe
trackingwascriticalto thewe of acceleration-bankcoordinationused.
Whentheinterceptorheldzerog whileroll@gto avoidcreatinghori-
zontalerrors,excessivelylargeverticalerrorswerecreateddur~
themaneuver.Whentheaccelerationconmandswereappliedimmediately,
satisfactorytracJdngwasobtainedby usingthesplitS maneuver,although
transienthorizontalerrorsexisted.An accelerationcommandproportional
tothenormalcomponentofthetracldngerrorwasfoundto result-i-nthe
smallesttransienterrors,andtiththiswe of comandtheinterceptor
couldtrackwitha splitS manewernearlyaswe~ aswitha push-down
maneuver.Theseresultswerefoundto applytobonbermaneuversf?r
liftaccelerationsofboth1 g and3g.

3. DuringlargerolJingmaneuversinwhichtheai%ronsreached,
theirlimit,verylargeroll-rategainsin.theaileronchannelwere
necessaryinordertopreventovershoot-,ofthebankangleanddevelop-
mentofaninstabilityinwhichtheaileronoscillatedfromS*6Pto stop.
Thelargerategsinsrequiredto eliminate-thisinst~i~~ seriously
reducedtherollresponseunderconditionsofl.inesroperation.A brief
checkontheaileroneffectivenessrevealedthatwhentheaileron.

F -..<
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effectivenesswasreducedby.one-haH,eliminationofthisnonlinear
rollinstabilitywasnotpossible.

4. Thesuccessofmaneuversinvolvingrollingwasdependentonthe
rollingcharacteristicsoftheinterceptor.Forexample,inmediate
applicationofaccelerationconmandsproportionalto thenormalcom-
ponentofthetrackingerrorwassuccessfulforanairplanewhichon
applicationoffullailerondeflectionhada rollingaccelerationof
4 radianspersecondpersecondsmdcontinuedtoaccelerateinrollto
verylargevaluesof rollirugvelocity(12radianspersecond)butdid
notappearsatisfactoryforan airplanewhichhadthesameinitial
rollingaccelerationbutrapidlyattsineda lowsteadyrollingvelocity
(2radianspersecond). (

5.Highrollrates(4r&iianspersecond)andlowpitchrates
(O.08radianpersecond)wereexperiencedduripgtheinvestigation.
Similarlyhighaileronrates(greaterthan2 radianspersecond)but
onlymoderateelevatorrates(lessthan1 radianpersecond)appeared
necessaryforsuccessfultracking.

6. onlytherelativepositionsandmotionsofbomberandinter-
ceptorwerefoundtobe neededforcomputationof commandstotheauto-
pildtandneglectofgravitationaleffectsinthecomputationof com-
manb wouldnotappearto affectthesuccessof‘theattacksignificantly.

7. In general.,acceleration-bsnkcoordinationwaslesscriticalat
the‘largerrangesandatthe,lowerclosingrates.

LangleyAeronauticalLaboratory,
.NationalAdvisoryCommitteeforAeronautics,

LangleyField,Va.,May27,1954.

-.. —..—— -——..—— ——. . --. —
.,



28

APPENDIXA

COMPARISONOFA BEAMCOLUSIONATTACKANDA TAILeCHASE

PUWUIIC&T1’ACKAS TOEFFIZTIVENESSOFA

BOMBERVERTICAL-PLANEMKKEUWR

Thecomparativeeffectivenessof a vertical-plsaemaneuverin
counteringa collisionattackfromabeamandincounteringa pursuit
attackfromasternmaybe estab~shedby inspectionofthesteering
equationsforthesetwotypesofattack.Thesteeringcomandforthe
pursuitcaseisgivenby equation(n) ofthemainbodyofthispaper.
Thesteeringcommandforthebeamcollisioncaseisdevelopedinthis
appendix.

Considera beamattackinwhichtheinterceptorhasestablisheda
collisioncoursepriorto a vertical-planeevasivemaneuveronthepart
ofthebomber.A systemof axesis chosenwiththeoriginattheposi-
tionoftheinterceptor.Thez’-adsisvertical;thex’-axisis al.ong
theprojectionoftheinterceptor’spathinthehorizontalplane;and
they’-axisisorthogonalwiththeothertwo. At anyinstantduripg
thebombermaneuver,thepredictedverticalmiss(withlinearpredic-
tion),asmy

Thecomponent
givenby

be seenby referenceto figurelk,is givenby

% =RStie+VBTSti

ofmissperpendicularto

mp = (Rsin~ +VBT sin-~

YB- VFTsinYF (Al)

thepathoftheinterceptoris

- VFTsti

Ordinarily,theanglesintheforegoingrelation
thisassumptionthefollowingrelationsapply:

a%zVB SillYB ‘ VB7B‘ ~

%?
VF Sb 7F= VFYF= ~

...*

7@S 7F

areveq sma13.

,—. — —

(A2)

andwith

.
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Iftheairplanes
approximatedby

wereinitiallyatthesamealtitude,mp wouldbe

The angularerrorwouldbe (seefig.14)

_ _%z-~xzRI?
‘Fxz VFT

Thesteeringcomandisusuallymade
comparison,thesteeringcomnandfor
OF = o)asfollows:
Xzo

29

(A3)

(M).-
~’vF

proportionalto thiserror.For
thepursuitcaseiswritten(with

Onebasisof corupsrisonofthe
instantaneousaccelerationsof

(A5)

twomodesof attackisto considerthe
theinterceptorrequiredto holdthe

steeringerrorzeroundera givenboniber
betweenthefighteraccelerationsmdthe
obtainedby settingaFxz e~al to zero

ForthecolMsionattack:

Forthepursuitattack:

acceleration.Theserelations
bomberaccelerationmsybe
inequations(~) and(A5).

..— — —. .— .- .—.—...—.— ——.— . ..——— .—.— - . -.
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InthebeamcollLsionattackthefighteraccelerationmustmatchthatof
thebomber,whileinthetail-chasepursuitattackthefighteraccelera-
tioninthesteadystatemustbe somewhatgreaterthanthatoftheboniber
butatusualrangesonlya slowexponentialbuilduptothisacceleration
wouldbe required(thetimeconstantbeing R/VB).

Anotherbasisforco~arisonofthetwoattacksistherateof
buildupofthesteeringerrorresultingfroma bombermaneuverthatis
notcounteredby theinterceptor.Therelationbetweentherateof
changeofsteeringerrorandtheboniberaccelerationmsybe obtained
by settingqxz equalto zeroinequations(~) ad (As).

ForthecolJisionattack:

Pq
_ a%

Xz v~

Forthepursuitattack:

aB
PUFX =

(VB-VF)
1-

L— -—

Thus,forthebeamcolMsionattack,therateof changeof steering
errorwhenthebonibermaneuverisnotcounteredisdirectlypropo~ional
totheboniberaccelerationandinverselyproportionaltotheinterceptor
speed.Forthepursuitattackatmoderaterange,theangulsraccelera-
tionofthesteeringerrorwill.bedirectlyproportionaltotheboniber
accelerationandinverselyproportional.totherange.Forthepursuit
attackatshortrange,therateof changeof steeringerrorwillbe
directlyproportionaltothebomberaccelerationandinverselypropor-
tionaltotherateof closure.

comDqmi3“-. .—...,-—L .
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SIMPLIFICATIONOFTRIGONOMETRICFUNCTIONSINVOLVIZD

INTHEA!ITACKGEOMETRY

Therelationbetweenthexy-andxz-componentsofthersngeand
theresultantrangeaswellasthexy-andxz-componentsoftheboniber
velocityandtheresultantvelocityareexaminedhereininorderto
justifycertainsimplificationsmadeinthemainbodyofthispaper.
Referenceto figurelwill showthatthefollowingrangerelationsexist:

.*
RW =Rcos~ (Bl)

R COS ~ COS @w
RXz = Cosq=

(B2)

where

me steeri~ errors 6F~ ma q aretheamgleswhichtheinterceptor-
XY

controlsystemisattemptingto regulateto zero. b orderfora runto
be successful,theseanglesmustbe heldtoverysmallvalues(preferably
justa fewmi~). Ihviewofthisrequirement,itwasthoughtthatruns
inwhichtheseanglesexceeded50roilswouldnotbe of interest.With
this~t inmind, COS~, Cosq ~, and cos ~xz willbewithin

approximatelyone-tenthofa percentofunityandtherefore

‘W”%Z”R
TherelationsbetweenVB anditscomponents

% ‘d ‘% w
alsobe seenfromfigure1 tobe

(B3)

. ..-. —...—— — — — .——— ———— ..—–——
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Vcos(cosq +
v% = ( v %)

(Cosajjl + UB
Xz Xz)

NACARML54E27

where

tan~=tanqxz+ ( %z)cos(~w + %J
h Vkw oftk!s- valuesof aFW @ OF of interest,therela-
tionsbetweenVB, VBWj and V%z areeffe%ivelydeterminedby

trigonometricfunctionsof
‘% - “Bxz”

An examinationofperfect

pursuittrajectoriesrevealedthat,forthemagnitudeofboniberaccelera-
tionconsideredherein,theangles@q and U%z donotexceed

400roilsforaJlrunswhereinthebotierinitiateda maneuverat a range
of5,000feet,thevalueusedinmostexamples.Since cos {>

(Cos+ w +%)’ (and COS~n + CT~z) Walerthese
remainwithin10percentofunitythesimplification
V&z =V~”vB wasbe~evedtobe justified.The

siderationswould-o appearto justifytheuseof

conditionswould

of assumingthat
foregoingcon-

and~m=sti~ inequation(2)ofthemainbodyofthispaper.

Fortheexampleswhereinthebomberinitiatedmaneuversat a rangeof
10,000feet,either~ or ~ generallyexceed400mil.sinabout
10secondsandonlyportionsofrunspriortothistimesrepresented
herein.

.
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APPENDIXc

EQUATIONSSOL~ ONREAC

be = ‘+, - ‘F)- %GF (cl)

Ea = K.@(@Fi- @F)-+$ (C2)

AP2’F+BP~+c~=QP~e+~.e (C3)

T-p;Fw+ += ‘ ~ (Clo)
XY

~EFxz+6FXZ= %FXz (C1.1)

-
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TABLEI

AIRPLANEPBYSICALCHARAC~TICS, AIRPLANESTABIGITY

DERIVATIVES,ANDFLIGECCONDITIONS
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TABLEII

TRANSFERcomIclJHW!sOFEXAMPLEAIRl?w

Sy5ibol

A

B

c

D

E

F

G

H

I

J

Expression

2vF2
(%— Cbe - C%%,)gz

DP2+E

AP2+BP+C

F=
P(GP+ H)

Ip+Jt)F—=8e Ap’+Bp+c

value

8.0

9*3

235

-31.0

3650

0.06

0.004

0.0012

71
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